Mesoporous silica encapsulated Pt (Pt@mSiO2) and PtSn (PtSn@mSiO2) nanoparticles (NPs) are representatives of a novel class of heterogeneous catalysts with uniform particle size, enhanced catalytic properties, and superior thermal stability. In the ship-in-a-bottle synthesis, PtSn@mSiO2intermetallic NPs are derived from Pt@mSiO2 seeds where the mSiO2 shell is formed by polymerization of tetraethyl orthosilicate around a tetradecyltrimethylammonium bromide template, a surfactant used to template MCM-41. Incorporation of Sn into the Pt@mSiO2 seeds is accommodated by chemical etching of the mSiO2 shell. The effect of this etching on the atomic-scale structure of the mSiO2 has not been previously examined, nor has the extent of the structural similarity to MCM-41. Here, the quaternary Q2, Q3 and Q4 sites corresponding to formulas Si(O1/2)2(OH)2, Si(O1/2)3(OH)1 and Si(O1/2)4, in MCM-41 and the mesoporous silica of Pt@mSiO2 and PtSn@mSiO2 NPs were identified and quantified by conventional and dynamic nuclear polarization enhanced Si-29 Magic Angle Spinning Nuclear Magnetic Resonance (DNP MAS NMR). The connectivity of the -Si-O-Si-network was revealed by DNP enhanced two-dimensional 29Si-29Si correlation spectroscopy.
ABSTRACT. Mesoporous silica encapsulated Pt (Pt@mSiO 2 ) and PtSn (PtSn@mSiO 2 ) nanoparticles (NPs) are representatives of a novel class of heterogeneous catalysts with uniform particle size, enhanced catalytic properties, and superior thermal stability. In the ship-in-a-bottle synthesis, PtSn@mSiO 2 intermetallic NPs are derived from Pt@mSiO 2 seeds where the mSiO 2 shell is formed by polymerization of tetraethyl orthosilicate around a tetradecyltrimethylammonium bromide template, a surfactant used to template MCM-41.
Incorporation of Sn into the Pt@mSiO 2 seeds is accommodated by chemical etching of the mSiO 2 shell. The effect of this etching on the atomic-scale structure of the mSiO 2 has not been previously examined, nor has the extent of the structural similarity to MCM-41. Here, the quaternary Q 2 , Q 3 and Q 4 sites corresponding to formulas Si(O 1/2 ) 2 (OH) 2 , Si(O 1/2 ) 3 (OH) 1 by DNP enhanced two-dimensional 29 Si- 29 Si correlation spectroscopy.
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INTRODUCTION
Encapsulation of transition metal nanoparticles in mesoporous silica (mSiO 2 ) has been found to be beneficial for diverse applications ranging from catalysis [1] [2] [3] to colorimetric diagnostics, 4 SERS detection 5 and photothermal therapy. 6 The mSiO 2 shell can impart improved thermal stability and tunable optical properties, as well as facilitate functionalization of encapsulated materials. 7 In the "ship-in-a-bottle" approach to the synthesis of nanoparticles with ordered intermetallic phases, mSiO 2 encapsulation protects the metallic cores from sintering during the high-temperature treatment, yet the shell does not block access of small organic substrates/products to/from the catalytically active sites. 8 The intermetallic nanoparticles (iNPs) such as PtSn@mSiO 2 exhibit increased selectivity and stability in selective hydrogenations, dehydrogenation, and CO oxidation. 1, [9] [10] The PtSn@mSiO 2 iNP catalyst was also found to be highly selective in the hydrogenation of nitro groups in various functionalized nitroarenes. 9 Recently, we demonstrated the efficacy of PtSn@mSiO 2 and Pt 3 Sn@mSiO 2 NPs for hyperpolarization by parahydrogen induced polarization (PHIP). [11] [12] [13] In particular, the PtSn@mSiO 2 iNPs delivered record-high pairwise selectivity in the heterogeneous hydrogenation of propene to propane, 14 and the Pt 3 Sn@mSiO 2 iNPs were found to be unique in their ability to mediate the conversion of the NMR-invisible parahydrogen singlet spin order into hyperpolarized proton magnetization of co-adsorbed water, methanol, and ethanol. 13 The mSiO 2 shell around our Pt NPs is formed by polymerization of tetraethyl orthosilicate (TEOS) at room temperature in the presence of a base with the cationic surfactant tetradecyltrimethylammonium bromide (TTAB) functioning as the template. Two different biradical molecules, AMUPol 37 and TEKPol 38 (see Figure S3 ), were separately introduced into samples of the solid powders by incipient wetness impregnation. 18 We compare the structure and composition of the mesoporous silica shells encapsulating Pt and PtSn NPs to MCM-41 which is included in this study as a reference material that has been extensively studied by MAS NMR. [39] [40] [41] [42] [43] [44] [45] The silica in all three materials was templated from the tetraalkylammonium salts TTAB (Pt@mSiO 2 and PtSn@mSiO 2 ) and CTAB (MCM-41), following which they were subjected to identical post-synthetic oxidation in air at 500 °C and reduction in H 2 /He at 300 °C prior to the NMR experiments. 
RESULTS AND DISCUSSION
Morphology and Porosity of the Nanoparticles. In the TEM images of the Pt@mSiO 2 and PtSn@mSiO 2 NPs presented in Fig. 1A The well-defined channels in MCM-41 46 are not observed in the TEM images of the mSiO 2 shells of our Pt@mSiO 2 and PtSn@mSiO 2 samples. Although MCM-41 has a significantly higher specific surface area due to the presence of the non-porous metal NPs in the catalysts, the mesoporous silicas in all three samples have a similar pore of around 2.4 nm in diameter ( Fig. 2 and and MCM-41 were oxidized in air at 500 ο C and reduced in H 2 /Ar (5/45 mL/min) at 300 ο C for four hours, which is a standard pretreatment for the catalysts. The room-temperature 1D 29 Si MAS NMR spectra of two different synthetic batches of Pt@mSiO 2, PtSn@mSiO 2 NPs and MCM-41
were recorded prior to impregnation with radicals and are presented in Fig. 3 and Fig. S1 , respectively. The multi-peak fitting of the spectral region corresponding to the Q x sites yields three peaks: Q 2 at -90 ppm; Q 3 at -100 ppm; and Q 4 at -109 ppm. 28, 47 Page 8 of 28
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The Journal of Physical Chemistry Figure 3 . Room temperature 1D single-pulse 29 Si MAS NMR spectra of (A) Pt@mSiO 2 (batch #1), (B) PtSn@mSiO 2 (batch #1) and (C) MCM-41. These spectra were recorded prior to impregnation of radicals. Black: experimental spectra. Magenta: fitted spectra. Blue: spectral components resulting from the multi-peak fitting. The peak areas in Table 2 were found to be close to those of 29 Si in the silica shells of Pt and PtSn iNPs, validating the compositional similarity. The measured ratios Q 3 /Q 4 in site densities in the Pt@mSiO 2 and PtSn@mSiO 2 are similar, with a greater density of Q 4 over Q 3 sites by almost a factor of two. In contrast, the MCM-41 sample has a greater density of Q 3 over Q 4 sites (see Table 2 ). This high Q 3 /Q 4 ratio difference could be attributed to the different synthesis conditions, since MCM-41 was synthesized at 80 C instead of room temperature used in the growth of mSiO 2 for Pt@mSiO 2 .
Additionally, the different Q 3 /Q 4 ratios could also be due to differences in the packing of silica 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 ratio (SNR) of 335, calculated from the peak intensity of the Q 3 sites in PtSn@mSiO 2 , was obtained after signal averaging for four minutes (16 scans). In contrast, the SNR of only 66 obtained in the conventional Boltzmann-polarized MAS NMR experiment required copious signal averaging for 69 hours. TEKPol-impregnated PtSn@mSiO 2 yielded a smaller enhancement factor of only 10 (Fig. S4) . Note that the sensitivity gain afforded by DNP comes at the expense of a slightly degraded spectral resolution arising from paramagnetic broadening. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 (internuclear distance of ~3 Å), which yields a ~1% polarization transfer efficiency when a recoupling time of 2.6 ms is employed in the pulse sequence. [55] [56] The internuclear distance between nearest unbonded 29 Si nuclei is ~5 Å, and thus the coherence transfer between unbonded Si sites can be safely neglected. The transfer efficiency is further reduced by transverse spin relaxation. The dephasing time in the PtSn@mSiO 2 NPs was measured to be 4 ms in a spin-2 T  echo experiment, which is significantly shortened by the impregnated radicals. Therefore, the 2D correlation experiments selectively probe only the 29 Si spin pairs bonded via one oxygen atom. In sites are in the sub-surface region.
CONCLUSIONS
By combining conventional solid-state NMR spectroscopy with direct, indirect, and 2D correlation DNP MAS NMR techniques, differences in surface selectivity were exploited to characterize the atomic-scale chemical structure in the mesoporous silica of the Pt@mSiO 2 and Pt@mSiO 2 catalysts as well as MCM-41. Specifically, the Si Q 2 , Q 3 and Q 4 tetrahedra were shells and must instead be entirely due to the altered chemical composition of the intermetallic phase of the nanoparticle metal core. [14] [15] 57 Differences in the spatial selectivity of direct and indirect polarization mechanisms were exploited to probe the spatial distribution of the Q x sites.
The direct DNP and conventional MAS spectra are very similar to each other, whereas the indirect (CP-MAS) DNP spectra are different. The extent to which the radicals penetrate the pores in our materials remains an open question. Most likely, the direct DNP spectra report on the distributions of functionalities across the entire shell, which is similar to mesoporous silica. The Q 4 sites were determined to be buried sub-surface layers while Q 3 and Q 2 sites are present at or near the pore surface. A 2D 29 Si- 29 Si correlation spectrum, enabled by the DNP signal enhancement, revealed were prepared according to a literature protocol. 14 Briefly, around 25 mL of a 10 mM K 2 PtCl 4 was added to 200 mL of a 125 mM aqueous solution of tetradecyltrimethylammonium bromide (TTAB). The above mixture was stirred for 10 minutes and then moved to an oil bath maintained at 50 °C for 10 more minutes. 25 mL of 300 mM sodium borohydride solution prepared in icecold water (Alfa Aesar, 98%) was then added. After the solution was stirred for 20 h at 50 °C, the dark brown solution was centrifuged at 3000 rpm four times for 30 min, with the supernatant being collected while the residue was discarded. Finally, the supernatant was centrifuged at 14000 rpm for 15 min twice, collected, and re-dispersed in deionized water to obtain around 200 mL of the solution. About 1 mL of a 1 M sodium hydroxide solution was added to obtain a pH between 11 and 12. While stirring, 3 mL of a 10% tetraethyl orthosilicate solution in methanol was added dropwise via syringe. After 24 h, the sample was centrifuged at 14000 rpm twice, and the coated particles (Pt@mSiO 2 ) were redispersed in 200 mL of methanol. To this 10 mL of hydrochloric acid (36% assay) was added and the solution was refluxed at 90 °C for 24 h. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 heating the solution at 280 °C for 2 hours to form the alloy. The resulting solution was diluted with an equal volume of acetone and centrifuged at 14000 rpm to obtain PtSn@mSiO 2 nanoparticles. This was then dried and calcined at 500 °C to remove any organic residues from the synthesis. The sample was then reduced in 10% H 2 in a tube furnace at 300 °C for 4 hours to obtain intermetallic PtSn@mSiO 2 . Inductively coupled plasma mass spectrometry (ICP-MS) measurements were also carried out on the powdered samples to confirm their stoichiometry as per the synthesis. Stirring was continued for an additional 2 h at 80 °C. The solution was filtered, washed with abundant water and methanol, and vacuum dried overnight. The CTAB template was removed by refluxing 1.0 g of dry solid with methanol solution (100 mL) of concentrated HCl (0.8 mL, 9.7 mmol) for 6 h. The surfactant-free sample was then filtered, washed with abundant methanol and water and vacuum dried overnight. The sample was then placed in scintillation vials which were placed in a tube furnace, and pure Ar was passed through the sample at a rate of 50 mL/min for an hour. Following this, the sample was calcined in flowing air at 500 °C for 4 hours to remove any additional CTAB and then reduced at 300 °C for 4 hours in 10% H 2 , like the treatments accorded to the Pt@mSiO 2 and PtSn@mSiO 2 samples ahead of NMR measurements.
Synthesis of Bimetallic
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Transmission Electron Microscopy (TEM) and Energy-dispersive X-ray Spectroscopy (EDS)
. TEM images were acquired using a TECNAI G2 F20 at an acceleration voltage of 200 kV, 58 The decompositions of the 1D conventional NMR spectra were carried out in MestReNova 8.0 using the automated algorithm after cubic spline baseline correction.
Without changing the chemical shift, the peak height, line width, and Lorentzian/ Gaussian ratio A total of 32 t 1 increments of 225 μs with 1024 scans each were recorded using a recycle delay of 3.64 s. Two sets of spectra acquired under identical conditions were summed to improve the signal-to-noise (SNR) ratio. Pure absorption phase 2D spectra were obtained by the TPPI method in which all pulses prior to the t 1 evolution are given phase shifts in increments of 45 ο as t 1 is incremented. A cosine Fourier transform was applied in the indirect dimension. cwLg13 and SPINAL64 (83 kHz) were used for proton decoupling during 29 Si dipolar recoupling and data acquisition, respectively. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
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